The convergence of computing and communications dictates building up rather than out. As consumers demand more functions in their hand-held devices, the need for more memory in a limited space is increasing, and integrating various functions into the same package is becoming more crucial. Over the past few years, die stacking has emerged as a powerful tool for satisfying these challenging Integrated Circuit (IC) packaging requirements.
I Introduction
Present day market demands shorter product life cycles with increased product complexity. The union of broadband communications and digital technology has increased product opportunities [1] .
Integrated Circuits (IC's) have encompassed almost all aspects of modern technology. Wireless communication and computing products constitute over 75% of the world's semiconductor consumption. Consumer electronics market is demanding reduction in size, weight, cost and power. This cannot be met without technical innovation. One of the enabling technologies is stacked packaging [2]. Integrating chips vertically in a single package multiplies the amount of silicon that can be crammed in a given package footprint and more silicon functions per cubic centimeter (cm) of application space, conserving system-board real estate.
Stacked packaging can be carried out using two or more dice within a single package, or by stacking and connecting completed packages (Expansion in Z-direction). A stacked package has significant advantages over conventional packaging with regard to size (40 -50 % reduction), volume (5-6 times reduction compared to Multi-Chip-Modules [MCM]), weight (2-13 times reduction compared to MCM), silicon efficiency (100 % as compared to 20 -90% in case of MCM), delay, noise, power consumption, and greater speed [3] . At the same time, stack package enables shorter routing of interconnects from chip to chip, which speeds signaling between them. Another benefit is the simplification of surfacemount system-board assembly because fewer components must be placed on the board. Some of the major challenges involved in realizing stacked packaging are modeling and simulation of the thermal, mechanical, and electrical performance of the complete chip, package & heat dissipation structures as a single system [2]. Previous work has been done on investigating the modeling and thermal simulation of various stacked packages. These included package-on-a-package (PoP), package-in-a-package [PiP], multi-chip-modules (MCM), and multi-chip-package (MCP). These involved mainly memory dice or memory and logic dice packaged separately and stacked on top of one another [5, 6, 7, 8, 9, 10, 11, and 12]. This paper concentrates on the thermal challenges of stacking memory and the logic processor on the same substrate. Three different stacking architectures were evaluated, viz.
[a] Rotated stack, [b] Staggered stack utilizing redistribution pads, and [c] Stacking with spacers. Based on the maximum junction temperature, thermal management strategies that involve increasing heat transfer co-efficient on top of the package, the use of underfill, increasing the PCB core thermal conductivity, and use of copper heat spreader are presented.
II Modeling Procedure
A molded Ball Grid Array [BGA] stacked package is considered for the analysis. The substrate is 13x15 mm and 0.21 mm thick. A fully populated solder ball matrix with a ball count of 399 and a pitch of 0.6 mm is used. The stand off height after reflow is 0.2 mm. The mold cap is 0.90 mm thick and has the same dimensions as the package substrate. Both memory and logic processor modules were stacked on the same substrate.
Three different package architectures were modeled, viz.
[a] Rotated stack, [b] Staggered stack utilizing redistribution pads, and [c] Stacking with spacers. The memory module was made up of four dice. Three non-volatile dice (Die 1, Die 2, and Die 3) measuring 4x6 mm, with a thickness of 0.1 mm, form the stack. The bottom volatile memory is made of a die measuring 9x13 mm, with a thickness of 0.1 mm. The logic die measures 12x12 mm, with a thickness of 0.1 mm, and is placed below the memory dice. In the rotated stack, Die 2 was placed at 90º to Die 1 and Die 3. In the staggered stack, Die 2 was offset by 1 mm in the X and Y axes of dice 1 and 3. For the spacer stack, three dummy silicon dice measuring 3x5 mm, with a thickness of 0.03 mm were placed in between dice 1, 2, and 3. The overall package thickness was not to exceed 1.5 mm. The dimensions are not specific to a particular package. They are based on values found in present market i.e. a typical molded BGA stack package.
The Printed Circuit Board (PCB) for the 5-Die molded BGA stack package was modeled according to the Joint Electron Device Engineering Council (JEDEC) standard EIA/JESD51-5. It is made up of two signal and two power layers (2S2P). The four layered PCB includes 0.070mm thick upper and lower trace layers, 0.035mm thick internal power planes, and 0.45mm thick core layers. The 13x15mm BGA package was positioned at the center of the 76x76x1.57 mm 2S2P PCB. The detailed view of one of the configurations is as shown in Figure 2 Table 1 shows the package dimensions, and Table 2 shows the material properties of the components. The geometries were modeled as "Parts" using Pro/E ® WildFire ™ 2.0 as a CAD tool. Then, an "Assembly" was created for each of the stacking architectures. This ensured accurate material property assigning and material continuity of each component. Figure 3 shows the CAD model of the package and PCB. Figures 4, 5, and 6 show the CAD models of the individual architectures in the package. The thermal resistance model of the assembly is shown in Figure 7 . There are two paths for heat dissipation to the ambient. One is from the die stack, through the mold cap to the ambient. The second is from the die stack to the substrate, through the solder balls to the PCB, and through the PCB layers to the ambient. There are additional paths that are not that significant; for example, through the wirebonds.
About 80% of the heat dissipation is through the latter path, as shown in Figure 8 . This is because of high thermal resistance of the interface between the die -mold cap, and the mold cap -ambient. The efficiency of heat dissipation is largely dependent on the thermal resistance of the interface of the package -PCB (includes thermal resistance of the interface for PCBambient). This can be represented as: Given the maximum junction temperature, [Tj] max , the maximum power that can be dissipated through the package and the PCB to the ambient air is determined by,
P max = ([T j ] max -T a ) / (R pckg -R pcb )
This implies that in order to reduce the junction temperature or to dissipate more power from the package, the thermal resistances of the interface between the package -PCB and the PCB -ambient have to be minimized. Thermal resistance of the package is determined by the package size, and materials [15] . Table 3 shows the constant power levels assigned to each die. For each of the stacking architecture, steady state thermal simulation was carried out as a baseline study to determine the maximum junction temperature using Ansys® WorkBench ™ 10.0 as a Finite Element Analysis (FEA) Tool. The CAD models were imported into Ansys® WorkBench ™ 10.0. Material properties were already assigned during CAD modeling. Figure 9 shows the FEA model of the package and PCB. Initial analysis resulted in nodes greater than 300,000. Mapped face meshing with an edge size of one division was introduced to reduce the number of nodes to less than 30,000. Figures 10, 11, and 12 show the FEA models for each of the individual architectures.
Baseline study further considers an application of an effective heat transfer co-efficient of 5 W/m 2 -ºC on top and bottom surfaces of the PCB, and on top of the mold cap. All the other properties held constant. The ambient temperature Ta was assumed to be 25ºC. Even though the ambient temperature was 25ºC, it resulted in a high junction temperature. It should be noted that in real world applications, the ambient temperature can be greater than or equal to 50ºC. Based on the maximum junction temperature, the following thermal management strategies were investigated: Additionally, the die attach on the logic die was changed to a conductive die attach, with value of k = 3W/m-ºC [16]. This did not have a significant impact on the temperature distribution, and thus, not included in this paper. 
Strategy 1
Increasing the heat transfer coefficient (h= 20 W/m 2 -ºC), representative of forced convection condition, on top of the mold, resulted in a decrease in the maximum temperature by nearly 7% in all of the three architectures. Of these, the spacer architecture showed more improvement because the maximum temperature occurs near the top of the mold cap. The higher heat transfer rate on top of the mold cap provides the necessary cooling advantage. It should be noted that in particular systems, like cellular phones, implementation of forced convection will not be viable from reliability and economic considerations.
Strategy 2
Increasing the thermal conductivity of the PCB core thermal conductivity to 0.8 W/m-ºC, from 0.18 W/m-ºC, results in a reduction of around 3% of the maximum temperature in each of the architectures. This is because majority of the heat generated by the package is dissipated via the PCB to the ambient.
Strategy 3
An underfill (k= 0.8 W/mo C) was introduced for the solder balls. Using an underfill may be required for improving the solder ball joint reliability. This was evaluated to access its effect on the overall thermal profile of the package. There was no significant decrease in temperature.
Strategy 4
Introducing a copper spreader on top of the mold compound resulted in a decrease of 1.2% for the spacer architecture, while it did not improve the performance of the other two architectures. This is because the top die surface is closest to the mold cap -ambient interface in the spacer configuration. The higher thermal conductivity of the copper spreader provides the necessary cooling advantage. Since these packages are used in a cost competitive market, adding a copper spreader would not be viable economically either. Table 4 shows the maximum junction temperature of the different simulations. Figure 16 shows the temperature comparison between the three architectures and the five cases evaluated and Figure 17 shows the temperature reduction percentage for different architectures with different strategies. A parametric study and thermal management strategy was conducted on a five die stacked package, which included both memory and logic processor on the same substrate. Three different configurations, viz. rotated, staggered, and spacer, were evaluated. Temperature profiles of the overall package were evaluated with a focus on maximum junction temperature. Four different thermal management strategies were assessed from the design and boundary condition point of view.
Of the three architectures evaluated, the spacer architecture was the easiest to improve. However, none of the thermal management strategies evaluated offered significant improvement in performance. This implies that the root cause for the elevated temperature profiles is the high power buildup in the package die stack i.e. memory and logic dice. The three stack architectures evaluated assume that all the dice are functioning simultaneously -the worst case scenario. However, in practice, the various dice do not function simultaneously. The degree of functionality of each die, especially the memory dice, is determined by the bus architecture. The thermal management strategies evaluated in this paper have demonstrated the significance of system design. Efforts must be concentrated on the system design processes (placement of components on the PCB, bus architecture, etc.) to improve the overall performance of the package.
